The Agricultural Reentry Task Force (ARTF) conducted a study to determine if dislodgeable foliar residues (DFR) are either normally or lognormally distributed. This is important because the data are used with worker exposure data, which generally appear to be lognormally distributed, to calculate transfer coefficients that will be used to assess farm worker re-entry exposure. Two chemicals were used for this study. Carbaryl, a moderately watersoluble chemical, was applied to cabbage at a rate of 2.0 lbs active ingredient/acre (lb ai/A), while methomyl, a highly water soluble chemical, was applied to cabbage at a rate of 0.9 lb ai/A. The residues were dislodged following an ARTF standardized procedure of collecting leaf punches and shaking in a solution of 0.01% Aerosol OT 75. A total of 28 samples were analyzed for each chemical. The mean7SD residue of the carbaryl samples was higher than that for methomyl (5117196 and 170771 mg per sample, respectively). However, several types of statistical analyses of the data indicated that, for both chemicals, the residues are lognormally distributed.
Introduction
The dislodgeable foliar residue (DFR) is defined as the amount of pesticide residue that can be dislodged from the two-sided foliar surface of a plant during a well-defined procedure. It is used, together with worker exposure determinations, to calculate transfer coefficients for workers re-entering treated crops.
Discussions were held between members of the major agricultural companies and the US Environmental Protection Agency (EPA) regarding the need for generic and productspecific data to conduct exposure assessments for workers that re-enter crops treated with agricultural chemicals. To enable this task, the ARTF was formed on December 28, 1994 under an FIFRA Joint Data Development Agreement. Its membership has included most of the major companies involved in the production and/or distribution of agricultural chemicals in the US and Canada (Johnson et al., submitted for publication) . The EPA eventually issued the Agricultural Reentry Data Call-In (DCI) on October 18, 1995 (USEPA, 1995 . The DCI called for dermal and inhalation exposure data for workers entering agricultural crops treated with pesticides. To accomplish this, the ARTF developed a database of generic transfer coefficient (TC) data to support evaluations of human exposure to pesticides resulting from re-entry into treated agricultural crops (Johnson et al., submitted for publication) . In order to obtain a TC, concurrent exposure and DFR assessments were made. The TC is a ratio of the exposure to the DFR (see Discussion section). Registrants of pesticides also had to develop DFR dissipation data in representative crops in which their active ingredients were registered. In general, exposure data in the re-entry studies appear to be lognormally distributed, as do the TC data. If TC and Exposure values have a lognormal distribution this means log(TC) and log(Exposure) are normally distributed. Since the TC is calculated as the ratio of worker exposure to DFR, then log(TC) ¼ log(Exposure)Àlog(DFR) or equivalently log(DFR) ¼ log(TC) þ log(Exposure). Since log(DFR) can be viewed as the sum of two normal random variables, it should also be normally distributed. Thus, from a statistical perspective at least, DFR is expected to follow a lognormal distribution. However, this has never been tested in a controlled experiment. Therefore, the ARTF conducted a study to determine if the DFR data can be better described by either a lognormal or a normal distribution.
Methods
The test site was a cabbage field in the San Joaquin Valley, near Porterville, CA, USA. A total of 16 double rows of jewel variety cabbage, 260 ft long, were treated for the study. The treated rows were divided into four plots of four rows each that were alternately treated with either carbaryl or methomyl.
Chemical applications were made using a tractor-mounted boom sprayer. Carbaryl was applied at 2.0 lbs ai/A followed by application of methomyl at 0.9 lbs ai/A. Application rates were calculated based on the nominal concentration of chemical in the tank (a known amount of chemical in a known amount of water), calibrated nozzle output, and application pass times. The equipment was cleaned between applications of the two chemicals. Carbaryl is considered to be a moderately water-soluble chemical (120 mg/l at 201C (Tomlin, 1997) , while methomyl is considered to be highly water soluble (57,900 mg/l at 251C (Tomlin, 1997) .
The center two rows of each four-row plot were used for DFR sampling. The center two rows were divided into 10-ft subplots from which DFR samples were randomly collected from several plants within the subplot, and from all areas of the plant. However, samples were not collected from the very ends of the subplot and were only collected from outside foliage that had both sides of the leaf exposed to the chemical application. In total, 28 samples were collected by two field investigators (each collecting 14 samples) for each chemical one day after application. Computer simulations indicate that 25-30 observations are sufficient to reject normality with 80% power (using the Shapiro-Wilk test) whenever the true arithmetic mean is at least 20% larger than the median. DFR samples were obtained from the cabbage leaves using Birkestrand (Rabbit Tool USA, Inc., Rock Island, IL, USA) leaf punch samplers with an approximate 1-in diameter punch (10 cm 2 two-sided leaf area per punch). The leaf punch was fitted to a pre-labeled amber glass jar, which received the punches directly. Each sample consisted of 40 punches (400 cm 2 total leaf surface area). Control samples were also collected from designated control plots. DFR punch samples were transported in coolers containing frozen ice packs to a nearby field laboratory where all samples were dislodged within 4 h of sample collection.
Residues on the leaf discs were dislodged with 100 ml of 0.01% Aerosol s OT solution (sodium dioctyl sulfosuccinate in distilled water), the solution decanted, and the dislodging procedure repeated with another 100 ml. The dislodging process consisted of shaking the leaf punch samples for 10 min in a reciprocating shaker. Both dislodging solutions were combined into a single 200 ml sample for chemical analysis. Dislodging solutions were immediately placed in freezers and maintained frozen until analyzed.
The ARTF and/or its members have collected much field fortification data for DFR samples containing carbaryl or methomyl. These data indicated good stability of these compounds in dislodging solution (typically 90 þ % for carbaryl and methomyl), so this study did not include field fortification samples. Furthermore, this particular study was evaluating relative residues for each active ingredient for determination of the distribution of values so the absolute concentrations were not important. Therefore, no adjustments were made for recovery from the samples collected in the field.
Prior to applications, leaf punch samples were obtained as described above and dislodged to produce DFR solutions for laboratory controls and laboratory fortified samples that were used throughout the analytical process with the DFR samples from the treated plots. Mean analytical recoveries across all laboratory fortification levels used to bracket residue concentrations from field samples ranged from 98.6 to 107.8%.
All DFR samples were analyzed using standardized ARTF methods. The analytical laboratory had experience with both methods and verified their procedures prior to analysis of study samples. Carbaryl and/or methomyl were extracted from DFR solutions with dichloromethane. An aliquot of the extract was evaporated to dryness, reconstituted in methanol:water (30:70, v/v), and then submitted to high-pressure liquid chromatographic analysis using postcolumn derivatization/fluorescence detection. Each analytical set included one control sample and two laboratoryfortified samples at a designated concentration. Calibration standards were injected throughout each chromatographic run. The analytical limit of quantitation (LOQ) was 1.0 mg/ DFR sample for each chemical.
The calculation of descriptive statistics such as means, standard deviations, coefficients of variation and skewness, and the Shapiro-Wilk test for normality were all carried out using the UNIVARIATE procedure in the SAS statistical program (SAS, 1999 (SAS, , 2000 . In addition, simple SAS data statements were used to convert DFR values to common logarithms and to back-transform means and standard deviations to geometric means and coefficients of variation, respectively.
Results
The distributions of the DFR values obtained for each chemical are illustrated in Figure 1 . Each DFR value has been randomly 'jittered' in the vertical direction to make all 28 values for each chemical visible on the graph. Basic descriptive statistics for these data are listed in Table 1 . Both the mean and standard deviation of the carbaryl DFR values are clearly greater than that of the corresponding methomyl values. This larger mean DFR value for carbaryl is expected due to the higher application rate (2.0 lb ai/A for carbaryl vs. 0.9 lb ai/A for methomyl). The coefficient of variation (CV), calculated as the sample standard deviation divided by the sample mean, is about 40% for both chemicals. This implies that DFR values from both chemicals have the same magnitude of relative variation (i.e., the standard deviation is approximately proportional to the mean) Such a direct relationship between the standard deviation and mean is characteristic of a lognormal distribution. The data for both chemicals also show a positive coefficient of skewness (Table 1) , which is also characteristic of a lognormal distribution. Based on the sample size of 28, the standard error of the skewness coefficient in normally distributed samples should be about 0.46 (Snedecor and Cochran, 1980) . The observed skewness levels for the data in this study, however, are 1.5 to 2 times this benchmark and indicate a moderate level of skewness. Finally, the ShapiroWilk test also indicates that both sets of DFR data deviate significantly from normality (Po0.05).
When the data can be better described by a lognormal distribution, a logarithmic transformation of the DFR data will exhibit a normal distribution. To test for lognormality, all data were converted to common (base 10) logarithms. The individual arithmetic DFR values that were shown in Figure 1 were log-transformed and are presented in Figure 2 . Visually, it is apparent that the ''spread'' or distribution of the individual values for both compounds is now quite similar, as opposed to their appearance in Figure 1 . The basic statistics were also recalculated and are presented in Table 2 . Figure 2 , and the standard deviations in Table 2 , confirm that the variation among the log-transformed values is essentially identical for methomyl and carbaryl. Transformation to logarithms has also reduced the levels of skewness to only a fraction of the 0.46 benchmark. Neither carbaryl nor methomyl DFR values, when transformed to logarithms, show significant deviation from normality by the ShapiroWilk test. Finally, Table 2 also contains CVs for raw DFRs (i.e., not log-DFRs) computed just from the standard deviation of log-DFR as
If DFRs follow a lognormal distribution, this formula is a valid alternative estimate for the CV (Johnson et al., 1994) . Consistent with a lognormal distribution, the CVs in Table 2 are practically identical with the CVs computed in Table 1 .
Discussion
Based on a large sample size of 28 DFR samples for each of two different chemicals applied to cabbage, DFR data show Figure 2 . Distribution of individual log-transformed carbaryl and methomyl DFR measurements from treated cabbage plots. The TC is the ratio of the exposure, determined by passive dosimetry on workers that re-enter crops treated with pesticides, to the concurrent DFR samples collected in that crop (Johnson et al. , submitted for publication). Typically, three DFR samples are collected on each re-entry day and the variability in those samples is usually very small. Previously, the arithmetic mean DFR value has been used in the above calculation of the TC. Given the findings in this study, indicating that DFR values are lognormally distributed, a more appropriate ''mean'' value to use in the TC calculation is the geometric mean. The geometric mean of lognormal random variables also has a lognormal distribution. However, the same is not true of the arithmetic mean if used instead. Therefore, use of the geometric mean DFR preserved the lognormal distribution. This is important since the calculated TC will have a lognormal distribution only if the two quantities in the ratio above (exposure and DFR) are lognormal random variables.
As indicated above, three samples are typically collected on each re-entry day and the variability of those samples is generally very small. In such cases there is very little difference between a lognormal and a normal distribution. Thus, the arithmetic mean and geometric mean DFR values are very similar. This was true for the majority of the re-entry studies that ARTF purchased or conducted. Practically speaking then, the use of arithmetic or geometric means will generally have a small impact on calculated TC values. However, in cases where the variance in the three samples is high, the use of the geometric mean instead of the arithmetic mean will result in a smaller DFR value. In these instances, the calculated TC will increase slightly (since DFR is in the denominator of the TC equation). Thus, the constant use of the geometric mean is a conservative approach relative to the use of an arithmetic mean. That is, it would result in higher calculated TCs, higher worker exposure estimates, and longer (more protective) Restricted Entry Intervals.
In conclusion, the data from this study indicate that DFR data are, at least approximately, lognormally distributed and that geometric mean values are more appropriate for use in calculating transfer coefficients.
